PD-L1 (programmed death ligand 1) and PD-L2 are cell-surface glycoproteins that interact with programmed death 1 (PD-1) on T cells to attenuate inflammation. PD-1 signaling has attracted intense interest for its role in a pathophysiological context: suppression of anti-tumor immunity. Similarly, vitamin D signaling has been increasingly investigated for its nonclassical actions in stimulation of innate immunity and suppression of inflammatory responses. Here, we show that hormonal 1,25-dihydroxyvitamin D (1,25D) is a direct transcriptional inducer of the human genes encoding PD-L1 and PD-L2 through the vitamin D receptor, a ligand-regulated transcription factor. 1,25D stimulated transcription of the gene encoding PD-L1 in epithelial and myeloid cells, whereas the gene encoding the more tissue-restricted PD-L2 was regulated only in myeloid cells. We identified and characterized vitamin D response elements (VDREs) located in both genes and showed that 1,25D treatment induces cell-surface expression of PD-L1 in epithelial and myeloid cells. In co-culture experiments with primary human T cells, epithelial cells pretreated with 1,25D suppressed activation of CD4 ؉ and CD8 ؉ cells and inhibited inflammatory cytokine production in a manner that was abrogated by anti-PD-L1 blocking antibody. Consistent with previous observations of species-specific regulation of immunity by vitamin D, the VDREs are present in primate genes, but neither the VDREs nor the regulation by 1,25D is present in mice. These findings reinforce the physiological role of 1,25D in controlling inflammatory immune responses but may represent a double-edged sword, as they suggest that elevated vitamin D signaling in humans could suppress anti-tumor immunity.
adequate numbers of tumor-infiltrating lymphocytes (2, 10) . In this context, antibody therapies targeting PD-L1 or its receptor, PD-1, have proven remarkably efficacious in clinical and preclinical settings for a number of cancers (2, 11) , including recurrent/metastatic head and neck squamous cell carcinoma (HNSCC) (12) . Recent meta-analyses have provided evidence that clinical response to PD-1-blocking therapy correlates positively with the level of expression of PD-L1 in tumors (13) (14) (15) (16) , underlining the importance of understanding the signaling pathways regulating PD-L1 expression.
The pro-tolerogenic actions of PD-L1 have also been linked to beneficial effects in a plethora of immune-related disorders (6) , namely multiple sclerosis, IBD, systemic lupus erythematosus, and diabetes. For example, intestinal epithelial ablation of PD-L1 expression in mice leads to IBD (17) . We noted that several of these conditions overlap with those linked to vitamin D (VD) deficiency. VD was discovered as the curative agent for nutritional rickets, a disease of bone growth, and is a critical regulator of calcium homeostasis (18) . However, it is now recognized to have pleiotropic actions (18) . It undergoes sequential hydroxylations to produce its hormonal form, 1,25-dihydroxyvitamin D (1,25D), which signals through the vitamin D receptor (VDR), a ligand-regulated transcription factor. The VDR is expressed throughout the immune system, and 1,25D has emerged as a key regulator of innate immunity via its actions in both myeloid and epithelial cells (19 -22) . The VDR regulates the transcription of several genes implicated in innate immune responses (e.g. 1,25D signaling lies upstream and downstream of pattern recognition receptor engagement and is a direct inducer of antimicrobial peptide gene transcription) (19 -21) . Notably, 1,25D directly and indirectly induces signaling through the NOD2-DEFB4 innate immune pathway (21) , whose deficiency has been linked to Crohn's disease, a form of IBD. Remarkably, however, many of the mechanisms of 1,25D signaling identified appear to be human/primate-specific and are not conserved in mice (23, 24) . Whereas 1,25D generally enhances innate immune responses, it induces a more tolerogenic adaptive immunity associated with higher Treg/Teff cell and anti-inflammatory (IL-10) to inflammatory (IFN-␥, TNF-␣, IL-17, and IL-21) cytokine (19, 25, 26) ratio. Apart from the above, little is known about the effects of VD signaling on cross-talk between target cells or cells of the innate and those of the adaptive arms of the immune system. Here, we show that 1,25D directly up-regulates the transcription of the genes encoding PD-L1 and PD-L2 in human epithelial and myeloid cells. We found that the VDR binds to enhancers located in the CD274 and CD273 (encoding PD-L2) genes, which are adjacent in the human genome. We also provide evidence that 1,25D-induced PD-L1 expression on epithelial or myeloid cells inhibits T cell cytokine production. However, similar to other immune-related actions of 1,25D (23) , the observed regulatory events are not conserved in mice. The induction of PD-L1 and PD-L2 expression is a mechanism accounting for the effects of VD signaling in T cell tolerance and is in accord with other studies providing evidence that it is protective against IBD (21, 27, 28) . Importantly, however, this may prove to be a double-edged sword in terms of physiological versus potential pathophysiological actions of VD signaling, as elevated 1,25D-induced PD-L1 expression may be detrimental to anti-tumor immunity.
Results

Tissue-specific 1,25D-regulated CD274 and CD273 expression in humans but not mice
Analysis of our previous profiling studies of 1,25D-regulated gene expression in human cells of epithelial or myeloid origin revealed CD274 and CD273 as potential VDR targets (20, 29) . These data were validated by performing RT-qPCR on RNA extracted from human HNSCC cell lines SCC25 and SCC4 and human differentiated THP-1 macrophages treated with 1,25D for up to 24 h ( Fig. 1A ). SCC25 cells are well differentiated and sensitive to the antiproliferative effects of 1,25D, whereas SCC4 cells are poorly differentiated and 1,25D-resistant, although they retain 1,25D signaling (30) . CD274 expression increased in all cell lines exposed to 1,25D relative to vehicle ( Fig. 1A) . Consistent with its tissue-specific expression pattern, CD273 was only up-regulated in differentiated THP-1 cells (Fig. 1A, right) and was unchanged in SCC25 and SCC4 cells (Fig. 1A , left and middle). 1,25D also induced CD274, but not CD273, expression in two cultures of primary human keratinocytes ( Fig. 1B) . Similarly, CD274 expression was stimulated (along with positivecontrol genes CYP24A1, AREG, and NOD2) by 1,25D in primary human nasal epithelial cells (supplemental Fig. S1 , A and B). Consistent with results obtained in differentiated THP-1 cells, 1,25D enhanced the expression of both genes in primary human myeloid cells, namely macrophages (Ms) (Fig. 1C ). Whereas the fold inductions of CD274 and CD273 in myeloid cells were comparable, CD273 was generally expressed more weakly than CD274 (supplemental Fig. S2 ). Interestingly, 1,25D and the pathogen-associated molecular pattern LPS, a known PD-L1/PD-L2 inducer (31), up-regulated CD274 cooperatively 
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in THP-1 cells (supplemental Fig. S3A , left), but not in SCC25 cells, where LPS had no effect (supplemental Fig. S3A, right) . A similar combined effect of 1,25D and LPS on CD273 expression was seen in THP-1 cells (supplemental Fig. S3B ). These observations provide evidence for cooperative effects of Toll-like receptor 4 and vitamin D signaling pathways in regulation of CD274 and CD273 transcription.
Given that many aspects of innate immune regulation by 1,25D appear to be largely human/primate-specific (23, 24) , we assessed the degree of conservation of the regulation by 1,25D of these genes in a model organism. We used the mouse HNSCC cell line AT84, which is essentially identical histologically and in terms of 1,25D responsiveness to human SCC25 cells. We also analyzed primary mouse Ms obtained from two mice and both non-activated and activated mouse dendritic cells (DCs). 1,25D treatment for 24 h had no effect on Cd274 and Cd273 expression in AT84 or in myeloid cells (supplemental Fig. S4, A and B) . Note that Cd273 mRNA levels were below the detection limit in AT84 cells. The transcriptional stimulation of Cyp24a1, a target of VD in both mice and humans, was measured as a positive control for 1,25D genomic signaling in AT84 cells and in primary mouse myeloid cells, and as expected, 1,25D strongly up-regulated Cyp24a1 gene expression (supplemental Fig. S4 , C and D).
To determine whether increased transcription of CD274 by 1,25D translates into elevated PD-L1 protein levels, we performed Western blotting in SCC25 and in SCC4 cells treated with vehicle or 1,25D for 24 h. 1,25D substantially up-regulated protein levels in both cell lines ( Fig. 2A) , consistent with its effects on CD274 gene expression. Note that the 1,25D-induced increase in PD-L1 protein levels (supplemental Fig. S5 ) paralleled CD274 mRNA stimulation ( Fig. 1A, left) in a time-dependent experiment. This observation suggests that hormonal vitamin D increases PD-L1 abundance via stimulating its gene expression. PD-L2 expression was below the detection limit by Western blotting in human and mouse epithelial cells (data not shown).
1,25D-induced PD-L1 increase persisted for up to 48 h after 1,25D withdrawal in SCC25 cells ( Fig. 2B ). Note that we observed two bands, both up-regulated, for PD-L1 in SCC25 cells ( Fig. 2A, left) . These probably correspond to the smaller cytosolic and the larger cell-surface isoforms (1, 32, 33) . We also analyzed the effect of 1,25D treatment on PD-L1 expression in primary human keratinocytes and human HT29 colon carcinoma cells and observed a similar up-regulation (supplemental Fig. S6, A and B) . 1,25D-dependent changes in protein levels were reflected in cell-surface PD-L1 being robustly up-regulated by 1,25D in THP-1 cells, as measured by wide-field microscopy ( Fig. 2C ) or by flow cytometry (supplemental Fig.  S6C ). We also tested for 1,25D-dependent up-regulation of PD-L1 in primary human bronchial epithelial cells obtained from healthy donor explants and differentiated on air-liquid interface filters. Because of filter incongruities and varied cell height, we generated z-stacks from several focal planes to quantify accurately differences in staining. When epithelial marker zonula occludens-1 (ZO-1) was used to normalize for cell number ( Fig. 2D , i and ii), these studies revealed that 1,25D treatment increased PD-L1 levels in bronchial epithelial cells rela-tive to vehicle-treated cells both in terms of the percentage of PD-L1-positive cells in all fields and the average number of positive cells in all fields (Fig. 2D , ix and x). Elevated PD-L1 expression in 1,25D-treated cells is also evident from analysis of typical images from single focal planes (supplemental Fig. S7 ). Consistent with these results, we observed comparable effects of 1,25D on cell-surface expression of PD-L1 in SCC25 cells by wide-field microscopy (supplemental Fig. S6D ). In contrast, Pd-l1 protein was unaffected by 1,25D treatment in mouse AT84 cells (supplemental Fig. S4E ), consistent with the lack of gene regulation by 1,25D. Similarly, exposure to 1,25D had no effect on Pd-l1 protein expression in primary mouse DCs (supplemental Fig. S4F ) or in primary mouse skin cells (supplemental Fig. S4G ). Finally, we also tested in SCC25 cells for 1,25Dinduced changes in the production of soluble PD-L1, which has been shown to retain immunosuppressive properties similar to those of the cell-surface molecule (34) . However, if soluble PD-L1 was produced, it was below the detection limit in an ELISA performed on culture medium samples from 1,25D-or vehicle-treated SCC25 cells.
Direct regulation of CD274 and CD273 gene expression by 1,25D via VDREs
To determine whether 1,25D signaling directly up-regulates transcription of CD274 and of CD273, we searched for potential VDREs in the two genes. Analysis of published ChIP followed by next-generation sequencing (ChIP-seq) data sets identified a VDR peak in an intronic region of CD273, located downstream of exon 5 and centered at 47,959 bp downstream of the transcription start site (TSS) (VDRE CD273 ) (35) (Fig. 3A ). This region contains a non-consensus VDRE-like sequence (Fig. 3A ). Additionally, a putative near-consensus VDRE (VDRE CD274 ) was identified at 829 bp upstream of the CD274 TSS in data generated by an in silico screen (29) . Note that neither of these sites is conserved in mice (supplemental Fig. S8 ), consistent with the lack of regulation by 1,25D of gene or protein expression in this species. We employed ChIP assays followed by qPCR to monitor VDR binding to the VDREs described above. 1,25D treatment resulted in increased VDR association with VDRE CD274 and with VDRE CD273 in both SCC25 ( Fig. 3B ) and THP-1 cells ( Fig. 3C ) relative to vehicle, suggestive of potential enhancer activity. We probed further for changes in epigenetic markers denoting enhancer function. 1,25D up-regulated histone 3 lysine 4 monomethylation (H3K4me1) marks, indicative of active/poised enhancers, at VDRE CD274 and VDRE CD273 regions in both SCC25 ( Fig. 3D ) and THP-1 ( Fig. 3E ) cells, in a pattern similar to that of the VDR association with these elements. We also assessed the level of histone 3 lysine 27 acetylation (H3K27ac). In SCC25 cells, VDRE CD274 displayed high levels of H3K27ac, which were not affected by 1,25D ( Fig. 3F, left) , whereas 1,25D increased H3K27ac at VDRE CD273 (Fig. 3F, right) . In THP-1 cells, 1,25D exposure was associated with increased H3K27ac marks at both enhancers ( Fig. 3G ). These results suggest that both VDREs function as active cis-acting enhancer elements. Moreover, 1,25D stimulated association of Pol II with both VDRE CD274 and VDRE CD273 in SCC25 ( Fig. 4A ) and in THP-1 cells (Fig. 4B ).
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Notably, however, enhanced recruitment of Pol II was observed at the TSS of CD274, but not CD273, in SCC25 cells, whereas Pol II association with both TSSs was stimulated by 1,25D in THP-1 cells (Fig. 4 , C and D). Essentially identical results were obtained when VDR recruitment to TSS was examined ( Fig. 4 , E and F). These observations demonstrate the direct regulation of CD274 and CD273 transcription by 1,25D and are consistent with their tissue specificity.
As described above, we observed 1,25D-dependent changes in VDR and Pol II recruitment and levels of epigenetic markers in SCC25 cells at the intronic CD273 VDRE despite lack of regulation of the adjacent gene. Pol II recruited to enhancer elements often undergoes a round of transcription at these sites, producing small non-coding so-called enhancer RNAs (eRNAs), whose expression correlates strongly with enhancer function and may contribute to target gene expression (36, 37) . Therefore, as a further test for VDRE CD273 function in SCC25 and THP-1 cells, we screened for production of eRNAs at various distances upstream of the VDREs using strand-specific directed RT-qPCR, which avoids detection of spliced intronic RNA species (see "Experimental procedures"). We did not detect any expression for myoblast-specific hMUNC eRNA (38) , serving as a negative control. In contrast, 1,25D strongly induced the production of eRNAs ( Fig. 4G ) in THP-1 cells centered at 224 bp upstream of VDRE CD273 and complementary to the 47,810 -47,660 bp region downstream of CD273 TSS (see -Fold change relative to control and normalized to actin is indicated below each PD-L1 blot. C, wide-field microscopy for DAPI nuclear staining (i and ii) and PD-L1 expression (iii and iv) in differentiated THP-1 macrophages exposed for 24 h to vehicle (C) or to 100 nM 1,25D (D). v and vi, merge of the images. D, a compilation of z-stacks from several focal planes is presented from confocal microscopy for bronchiolar epithelium differentiation marker ZO-1 (i and ii), PD-L1 expression (iii and iv), and DAPI nuclear staining (v and vi) in primary bronchial epithelial cells treated for 48 h with vehicle (C) or with 100 nM 1,25D (D). vii and viii, merge for all images. ix, total percentage of PD-L1-positive cells across all seven fields. x, average number of PD-L1-positive cells from seven separate fields. ns Ͼ 0.05 Ն 0.01 Ն ** Ն 0.001. Error bars, S.D. Fig. 3A ). However, we did not find any eRNAs produced from the same, or any other, site in SCC25 cells, which highlights the tissue-specific effects of 1,25D action and strongly suggests that the intronic enhancer in the CD273 gene is fully functional in THP-1 cells and not in SCC25 cells.
Finally, to verify that the response elements in the CD274 and CD273 gene were capable of mediating 1,25D-dependent transactivation, we cloned them upstream of luciferase genes. Two fragments of the CD274 promoter were cloned upstream of a promoterless luciferase gene, both containing sequence from Ϫ840 to ϩ23 relative to the CD274 TSS, with one containing and one lacking the VDRE (CD274 ϩVDRE and CD274 ϪVDRE , respectively). The results of reporter gene expression assays show that the VDRE was required to generate 1,25D-dependent induction of luciferase activity (supplemental Fig. S9A ). Because of its far downstream location, the CD273 VDRE was cloned as an oligonucleotide upstream of minimal promoterdriven luciferase. Reporter gene assays showed that it, too, was capable of mediating 1,25D-dependent induction of luciferase activity (supplemental Fig. S9B ).
1,25D-regulated epithelial PD-L1 expression inhibits T-cell function
Ablation of PD-L1 expression in epithelial cells in mouse intestine leads to an inflammatory phenotype (17) , and other studies have provided evidence that epithelial PD-L1 can control T cell behavior (5, 6) . To assess the impact of 1,25D-stimulated epithelial PD-L1 expression on T cell function, we set up a co-culture system consisting of primary human whole T cells in direct contact with SCC25 or THP-1 cells, which had been pretreated for 24 h with vehicle or 1,25D. T cells (both CD3 ϩ CD4 ϩ and CD3 ϩ CD8 ϩ ) were isolated by negative selection from peripheral blood mononuclear cell (PBMC) blood fractions of three healthy donors (supplemental Fig. S10 , A-C) and were tested for purity (supplemental Fig. S10 Pretreated SCC25 and THP-1 cells and primary human whole T cells were co-cultured for 24 h in 1,25D-free medium 
Vitamin D inhibits inflammatory T cells via PD-L1
in the presence of control IgG or PD-L1-specific blocking antibody (MIH1). The release of TNF-␣ and IFN-␥ into the medium by co-cultured T cells was measured by ELISA. Production of IFN-␥ or TNF-␣ was inhibited by co-culturing with cells pretreated with 1,25D (Fig. 5, A and B, left) . Importantly, the addition of anti-PD-L1 blocking antibody completely reversed the inhibitory effect of 1,25D pretreatment on TNF-␣ release and partially abrogated the effect on IFN-␥ (Fig. 5, A and  B, right) . In separate experiments, we also measured by ELISA the production of IL-2, constitutively secreted by activated Jurkat cells, co-cultured with SCC25 cells, as a readout for T-cell function (supplemental Fig. S11 ). 1,25D pretreatment of SCC25 cells resulted in a 2-fold reduction of IL-2 release into the medium, an effect reversed completely by blocking PD-L1.
PD-L1 engagement by T cells has been linked to inhibition of activation and a resulting decrease in inflammatory cytokine production. We therefore used the experimental co-culture system described above to assess the effect of 1,25D-dependent PD-L1 expression in SCC25 cells on the activation status of co-cultured pan-T cells obtained from three healthy donors (one male and two female). Notably, 1,25D pretreatment significantly reduced early (CD69), mid-early (CD71), and intermediate (CD25) activation markers on CD4 ϩ T cells obtained from all three donors and co-cultured in the presence of normal nonspecific IgG (Fig. 6, D-F) . A similar trend was observed in CD8 ϩ (Fig. 6 , A-C) cells, where changes in CD25 ϩ populations did not reach statistical significance (Fig. 6A ) but conformed to the pattern observed in the corresponding CD4 ϩ T cells (Fig.  6D ). Blocking of PD-L1 signaling by ␣PD-L1 antibody partially or completely rescued this effect (Fig. 6) . The observed PD-L1dependent effects of 1,25D pretreatment on T cell activation become even more obvious upon examination of density plots of CD25 (supplemental Figs. S12 and S15), CD69 (supplemental Figs. S13 and S16), and CD71 (supplemental Figs. S14 and S17) activation markers in CD4 ϩ (supplemental Figs. S12-S14) and CD8 ϩ subpopulations (supplemental Figs. S15-S17) for each 
patient and experimental condition. Note that there was no significant effect of 1,25D pretreatment in the presence of nonspecific IgG or ␣PD-L1 blocking antibody on T cell apoptosis (supplemental Fig. S18 ). Therefore, we conclude that 1,25Dinduced surface expression of PD-L1 inhibits activation of effector T cells, which translates in reduced inflammatory cytokine production. These results highlight the importance of induced epithelial PD-L1 expression in regulation of T cell function by 1,25D.
Discussion
A role for VD signaling in suppression of inflammatory responses has been well established (25, 26) . However, the molecular-genetic events underlying this regulation have been poorly characterized. The results presented here reveal that 1,25D acting through the VDR directly induces the transcription of the genes encoding PD-L1 and PD-L2 in human cell lines and primary cultures. These findings complement previous observations showing that 1,25D treatment induces a stable semi-mature DC phenotype capable of stimulating Treg and IL-10 production (39). Induction of PD-L1 expression was observed in epithelial and myeloid cells, whereas 1,25D-regulated expression of PD-L2 was myeloid-specific, consistent with the expression patterns of the two genes.
We identified VDREs in both genes, which appeared to function as poised or active enhancers in both epithelial and myeloid cells, given the 1,25D-dependent recruitment of Pol II and regulation of enhancer marks at these sites. However, we only detected 1,25D-dependent Pol II recruitment to the CD273 TSS in myeloid cells, conditions under which the gene is regulated. We also detected the 1,25D-dependent production of eRNAs from the CD273 VDRE only in myeloid cells. Consistent with other findings (36), it appears likely, therefore, that the eRNA produced following exposure to 1,25D in THP-1 cells may act to stimulate CD273 transcription. The absence of this eRNA species in epithelial SCC25 cells is consistent with lack of transcriptional control of CD273 by 1,25D in these cells. Note that we performed chromosome conformation capture assays to detect the formation of a loop between the CD273 VDRE and the TSS of the CD274 gene but failed to detect any interaction. It thus appears that whereas 1,25D-dependent recruitment of the VDR and cofactors to the CD273 VDRE occurs in both epithelial and myeloid cells, it is only fully functional as an enhancer in myeloid cells, consistent with the expression pattern of CD273. In this regard, numerous ChIP-seq studies of the VDR, other nuclear receptors, and other classes of transcription factors have generally identified far greater numbers of binding sites than regulated genes, indicating that many bona fide binding sites do not correspond to fully functional enhancers under the conditions of the ChIP-seq experiment (35, 41) .
We further demonstrated cell-surface up-regulation of PD-L1 and a PD-L1-dependent suppression of T cell cytokine production in the presence of 1,25D. Neither the regulatory events nor the VDR-binding sites characterized in the two human genes were conserved in mice. This lack of conservation was not unexpected, as many of the previously identified innate immune responses driven by VD signaling in human cells appear to be (largely) human/primate-specific. This includes the 1,25D-induced expression of antimicrobial peptide genes CAMP and HBD2/DEFB4, the gene encoding the pattern recognition receptor NOD2 (21) , and the IL1B gene (20) . Notably, the VDRE in the promoter-proximal region encoding the CAMP gene is embedded in a human/primate-specific Alu repeat that appears to have been inserted at the dawn of the primate lineage (24) . Therefore, our observations of speciesspecific regulation of PD-L1 and PD-L2 expression reinforce the notion that many aspects of VD-regulated innate immunity appear to have evolved with the primate lineage.
1,25D-regulated expression of PD-L1 and PD-L2 is of considerable physiological and clinical significance, given their critical role in controlling T cell activation and suppression of inflammatory immune responses. Notably, intestinal epithelial ablation of Pd-l1 expression in mice led to intestinal inflammation through defects in innate immune signaling (17) . The maintenance of intestinal PD-L1 and PD-L2 expression through 1,25D signaling is thus entirely consistent with an emerging picture of a role for VD in maintenance of intestinal innate immune homeostasis. Previous studies showed that the hormone-bound VDR directly stimulates the transcription of the NOD2 and HBD2/DEFB4 genes, which lie at either end of an innate immune pathway that is defective or attenuated in a subset of patients with Crohn's disease (CD) (21, 42) . These results suggested that VD deficiency may contribute to the pathogenesis of CD, a notion that is reinforced by the results of intervention trials that strongly support a role for VD supplementation in suppression of symptoms and enhancing the quality of life in CD patients (42) (43) (44) . 1,25D-induced expression of PD-L1 and PD-L2 thus provides another mechanism supporting a central role for VD signaling in controlling intestinal inflammation.
Whereas our findings are entirely consistent with the previously established roles of VD in regulating immune system function, they represent something of a double-edged sword, given the implication of elevated signaling through PD-1 in 
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suppression of anti-tumor immunity. They also represent a conundrum, given the extensive evidence that maintenance of VD sufficiency reduces the incidence of several cancers. The cancer-preventive activities of 1,25D signaling are supported by epidemiological data (45) , experiments in animal models, and several mechanistic studies (46) . 1,25D signaling can block cancer cell proliferation in some in vitro models and induce differentiation (46) . Moreover, it can suppress oncogenic pathways driven by Wnt signaling (46, 47) , c-MYC (48) , and others and can promote the activity of tumor suppressors, such as FoxO proteins (49) . However, whereas the activated VDR may be effective at blocking aberrant signaling at early stages of the oncogenic process and may suppress the growth of some tumors (at least in animal models), there is ample evidence for acquisition of resistance to 1,25D signaling during tumorigenesis. Several cell lines derived from malignancies of various origins are partially or wholly resistant to the anti-proliferative effects of 1,25D although VDR expression and 1,25D-dependent transactivation are maintained (21) . These observations are consistent with the failure of 1,25D and several of its analogues as cancer therapeutics because of tumor resistance.
Ourresultsprovideanotherpotentialmechanismoftumorresistance to 1,25D therapy through maintenance of elevated PD-L1 and PD-L2 signaling in the tumor microenvironment, thereby suppressing T cell-mediated anti-tumor immunity. These findings may also provide a potential explanation for the observations in some studies of a reverse J-shaped curve in the relationship between cancer incidence and levels of the major circulating VD metabolite 25-hydroxyvitamin D (50) (i.e. a correlation between increased incidence of some malignancies and superphysiological circulating 25-hydroxyvitamin D levels), an observation for which there was previously no mechanistic basis. Based on our findings, it can also be argued that it would be important to take the VD status of patients into account in settings of tumor immunotherapy. It is perhaps paradoxical that, whereas elevated PD-L1 expression may suppress anti-tumor immunity, its level of expression in tumors also correlates positively with clinical responses to anti-PD-L1/ PD-1 therapy (13) (14) (15) (16) . In conclusion, we have shown that 1,25D stimulates the expression of the genes encoding PD-L1 and PD-L2, an observation that strengthens the role of VD signaling in immune system regulation, although it may represent a risk factor because of its potential to contribute to suppression of anti-tumor immunity.
Experimental procedures
Cell isolation and tissue culture
All cell lines were cultured under conditions recommended by the American Type Culture Collection (ATCC). SCC25, SCC4, and AT84 cell lines were obtained from the ATCC and were passaged in DMEM/F-12 (Wisent, 319-085-CL) containing 10% FBS (Wisent, 080150), 10% DMEM/F-12. HEK293 cells were cultured in 10% DMEM (Wisent, 319-005). Primary human normal epidermal keratinocytes (catalog no. 2110) with the appropriate culture medium (catalog no. 2101) supplemented with keratinocyte growth supplement (catalog no. 2152), and antibiotics (penicillin/streptomycin; catalog no. 0503) were purchased from ScienCell. THP-1 and Jurkat (ATCC) cell lines were cultured in 10% RPMI 1640 (Wisent, 350-005-CL). Primary mouse DCs and Ms were obtained by flushing C57BL6 tibia and femur, followed by lysing erythrocytes using BD Pharm Lyse buffer (BD Biosciences, 555,899) 
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and culturing for 4 h. The non-adherent cells were replated in fresh culture medium. Mouse DCs were differentiated in 10% RPMI 1640 (Wisent, 350-005-CL) containing 20 ng/ml GM-CSF for 8 days. Where applicable, DCs were activated with LPS (Sigma-Aldrich, L3012-5MG). Mouse macrophages were cultured in 10% DMEM containing 30% conditioned medium from L929 cells (containing M-CSF). Human primary cells were obtained from healthy subjects following informed consent according to the McGill policy on ethical conduct of research involving human subjects and approved by the McGill Ethics Committee (A06-M64-14A and 14-234-BMB). Human primary monocytes were purified as described (20) from the PBMC fractions of two donors, using Ficoll-Paque Premium (GE Healthcare, 17-5442-02) and differentiated using GM-CSF (Life Technologies, Inc., PHC2011). Primary bronchial epithelial cells were obtained from healthy donors and were cultured and differentiated as described previously (51) . Primary human pan-T cells were obtained from PBMC fraction of three donors by negative selection using EasySep kit (StemCell, 17951) and were cultured in 10% Iscove's (Wisent, 319-105-CL) medium. T cell purity was assessed through flow cytometry (supplemental Fig. S10G ). In addition, the CD3 ϩ cells (T cells) were subdivided into CD4 ϩ and CD8 ϩ (CD3 ϩ /CD4 Ϫ ) populations (supplemental Fig.  S10C ). All treatments were done using 100 nM 1,25D or vehicle (DMSO). THP-1 cells were first differentiated with 10 nM phorbol 12-myristate 13-acetate overnight and washed three times with complete medium before exposure to 1,25D/vehicle. 1 g/ml LPS was used where applicable.
Co-culture experiments
The co-culture procedure was inspired by mixed lymphocyte reaction and was performed essentially as described (52) . Briefly, 28,000 pretreated SCC25 or differentiated THP-1 cells were preblocked with 20 g/ml anti-PD-L1 antibody (eBioscience, 14-5983-82) or isotype normal IgG (eBioscience, 14-4714-85) and FcR blocking solution (BioLegend, 422302) in the case of THP-1 for 2 h. Primary human T cells were resuspended in 10% Iscove's medium containing blocking antibodies at the concentrations indicated above and added to the target cells. For Jurkat cells, 50 ng/ml phorbol 12-myristate 13-acetate and 1 g/ml PHA, required for activation, were also added. T/Jurkat (2.8 ϫ 10 5 ) cells were in a 10:1 ratio with SCC25/ THP-1 cells and were co-cultured for 24 h.
RNA extraction, reverse transcription, and qPCR
RNA was extracted using TRIzol reagent (Invitrogen, 15596-018) as per the manufacturer's instructions. The iScript cDNA synthesis kit (Bio-Rad, 170-8891) and 1 g of RNA template was used to generate cDNA, which was diluted 5 times and used in qPCR with SsoFast EvaGreen Supermix (Bio-Rad, catalog no. 172-5201) in a Roche Applied Science LightCycler 96 machine. eRNA production was tested essentially as described (40) . Briefly, RT was performed using specific stem-loop oligonucle-otides for detection of directed strand-specific RNA production. supplemental Table 1 contains a full list of primers used.
Western blotting
A standard Western blotting protocol (20) was employed. Rabbit polyclonal anti-PD-L1 (reactive to human, mouse, and rat) (H-130, sc-50298), goat anti-␤-actin (C-11, sc-1615), and donkey HRP-conjugated anti-goat (sc-2020) antibodies were purchased from Santa Cruz Biotechnology, Inc. Goat anti-rabbit-HRP (catalog no. 7074) was obtained from Cell Signaling. Goat anti-mouse Pd-l1 was purchased from R&D Systems (AF1019). Changes in protein levels were quantified relative to control using ImageJ after normalization to actin; the -fold change is displayed below each Western blot figure. Representative images of at least three biological trials are presented.
VDRE screens
Peaks from VDR ChIP-seq studies were aligned with the human genome (build hg19) using the USCS genome browser. The VDRE upstream of the CD274 TSS was identified by an in silico screen for consensus human VDREs taken from JASPAR database; both positive and negative strands of the human genome (build hg19) encompassing the CD274 gene locus were used as a template.
Chromatin immunoprecipitation assays
ChIP was performed as described previously (21) with minor modifications. For histones, cell membrane was first lysed (10 mM Tris, pH 7.5, 10 mM NaCl, 0.2% Nonidet P-40), and nuclei were washed three times with MNase buffer (New England Biolabs, 7007BC), followed by digestion with MNase (New England Biolabs, M0247S) for 30 min at 37°C rotating. Nuclei were pelleted and resuspended in ChIP lysis buffer. Mild sonication was applied to break the nuclear membrane and extract the DNA. For transcription factors, cells were directly lysed in ChIP lysis buffer and sonicated to shear the DNA to a fragment of length 200 -600 bp. 4 g of antibodies for VDR (D-6; Santa Cruz Biotechnology, sc-13133), Pol 2 (Abcam, ab5131), H3K4me1 (Abcam, ab8895), and H3K27ac (Abcam, ab4729) were used for IP in 500 l of dilution buffer. DNA was purified using a FavorGen PCR/gel DNA purification kit (FAGCK001-1), and qPCR was performed with primers specific for each region (supplemental Table S1 ).
Molecular cloning
The promoter region of CD274 starting at Ϫ840 bp to ϩ23 bp (chr9:5449663-5450525) relative to the CD274 TSS and either containing or lacking VDRE CD274 was synthesized in vitro (IDT-gBlock) with EcoRI (GAATTC) and XhoI (CTC-GAG) added to the 5Ј-and 3Ј-ends of the fragment, respectively (see supplemental Fig. S9A ). To ensure proper restriction enzyme digestion, a 6-bp random oligonucleotide (TAAGCA) was also added to both ends of the fragment. After double digestion with EcoRI and XhoI of the pGLuc (New England Biolabs, N8082S) plasmid and both CD274 promoter fragments overnight, ligation was performed between the pGLuc vector and CD274 promoter containing the VDRE or CD274 promoter lacking the VDRE. Sanger sequencing of the resulting constructs was done at the McGill University and Genome Quebec Innovation Centre and confirmed the proper integration and
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orientation of the CD274 promoter region. We inserted a 17-bp oligonucleotide encompassing the CD273 VDRE upstream of the pGL4.24 (Promega, E8421) minimal promoter by PCR and the Q5 site-directed mutagenesis kit (New England Biolabs, E0554S) using a forward primer complementary to a sequence upstream of the minimal promoter and containing the VDRE and a reverse primer complementary to a sequence near the pGL4.24 minimal promoter (supplemental Table S1 ). The presence of the VDRE was confirmed through sequencing.
Luciferase assay
HEK293 cells grown in 6-well plates were transfected with 1 g of plasmid using CalFectin (SignaGen, SL100478) following the manufacturer's protocol. 16 h post-transfection, culture medium was changed with a fresh one, and cells were treated with vehicle or 100 nM 1,25D for 12 h. In the case of pGL4.24 vector, cells were lysed, and firefly luciferase activity was assessed using the Dual-Luciferase Reporter Assay kit (Promega, E1910). For the pGLuc-basic 2 vector, the culture medium was used directly in conjunction with the BioLux Gaussia Luciferase Assay kit (New England Biolabs, E3300S) to quantify changes in luciferase activity. Luciferase readings from non-transfected cells (background) were subtracted from transfected HEK293 cells, and changes in luciferase activity were normalized to the relative amount of pGLuc or pGL4.24 luciferase gene, as assessed by qPCR.
Flow cytometry and imaging
Adherent cells were detached using trypsin-EDTA (Wisent, 325-542-EL). Adherent and suspension cells were centrifuged at 500 rcf for 5 min, and supernatant was removed. Cells were resuspended in FACS buffer (0.5-1% BSA in PBS) at a concentration of 1 ϫ 10 6 cells/ml. 2 g of anti-mouse (BioLegend, 124308) or antihuman PD-L1-PE (eBioscience, 12-5983-426), FITC-CD3 (eBioscience, 11-0038-80), APC-CD56 (Invitrogen, 17-0566-41), PE/Cy7-CD19 (eBioscience, 25-0198-41), PerCP/Cy5.5-CD11c (BioLegend, 301623), PE-CD14 (Invitrogen, 12-0149-41), and APC/Cy7-CD4 (eBioscience, 56-0048-41) antibodies were added and incubated for 30 min at room temperature in the dark. Cells were washed three times with ice-cold FACS buffer and were run immediately on FACSCalibur (BD Biosciences) instruments. At least 20,000 cells/sample were monitored. Results were analyzed using FlowJo version 10.6.
SCC25 and THP-1 were fixed for 10 min with 4% paraformaldehyde and then washed with PBS twice. After a 5-min permeabilization with 0.1% Triton X-100, cells were incubated with anti-PD-L1-PE antibody (eBiosciences, 12-5983-42) in PBS containing 0.2% BSA at room temperature for 1 h in a dark, humidified chamber. Following three washes, slides were mounted in Prolong Gold containing DAPI (Life Technologies, Inc., P36935) and observed with a Zeiss Axiovert X100 bright field microscope. Images were acquired using Zen software (processing and analysis was performed at the McGill University Life Sciences Complex Advanced BioImaging Facility).
Primary bronchial epithelium was stained as described previously. ZO-1 staining was included as a mark for differentiation. Confocal images were taken on an LSM750 microscope (Zeiss; ϫ63 oil immersion objective), using Zen blue. Image stacks were processed with Zen Black and ImageJ and are shown as representations with maximum intensity projection. Quantification was performed with MetaExpress and analyzed using multiwavelength scoring. All of the images (n ϭ 7) in each condition (DMSO and 1,25D) were processed and quantified using the same settings. We quantified the image by obtaining the average of the number of PD-L1 ϩ cells (normalized to cell numbers assessed via ZO-1) across all seven fields and by calculating the total percentage of PD-L1 ϩ cells (PD-L1 ϩ cells/ total cells). Image processing and analysis was performed at the McGill University Life Sciences Complex Advanced BioImaging Facility.
T cells were collected by centrifugation at 350 rcf for 10 min at room temperature and washed twice with ice-cold PBS. They were then blocked with human FcR binding inhibitor (eBioscience, 14-9161-73) and stained with the following antibodies: PE-Cy7-CD71 (eBioscience, 25-0719-41), PE-CD69 (eBioscience, 12-0699-41), PerCP-Cy5.5-CD44 (eBioscience, 45-0441-80), APC-CD25 (eBioscience, 17-0259-41), AlexaFluor-700-CD4 (eBioscience, 56-0048-41), and APC-eFluor-780-CD8 (eBioscience, 47-0088-41). Cells were washed and cross-linked in 2% paraformaldehyde. Flow cytometry was performed using a BD-LSRFortessa analyzer.
ELISA
Supernatants of SCC25/THP-1 cells co-cultured with Jurkat/T cells were centrifuged at 4°C for 10 min at 500 rcf to pellet cells and debris. Supernatant was filtered through a 0.22-m sterile filter. Samples were frozen in liquid nitrogen and shipped on dry ice for analysis to the University of Maryland Cytokine Core Laboratory for IL-2, TNF-␣, and IFN-␥ ELISA.
Statistics
Student's t test or one-way analysis of variance followed by Tukey's HSD post-hoc test were performed to assess significance in the case of two or more than two samples, respectively. A p value of less than or equal to 0.05 was considered significant. Symbols used to denote p value are as follows: ns Ͼ 0.05 Ն * Ն 0.01 Ն ** Ն 0.001 Ն ***. Statistical analysis was performed using R (version 3.2.3).
